Seventy-two crossbred (Large White X Landrace) pigs were used in a 3 • 7 factorial experiment to investigate the response of two strains of boars (strains A and B) and of castrated male pigs (strain B) to seven levels of intake of a tingle diet (ranging from 5.3 Meal digestible energy [DE]/d to ad libitum) between 45 and 90 kg live weight. All aspects of growth performance and body composition were affected to different degrees by both strain and sex. At all levels of energy intake strain A boars grew faster, had a lower feed to gain ratio and contained less fat and more water in the empty body than strain B boars, which in turn exhibited faster live weight gain and more efficient and leaner growth than castrated males. The magnitude of the differences in growth performance between strain A and strain B boars and castrates increased with increased energy intake above 7.88 Meal DE/d, and these differences were associated with concomitant strain differences in their respective capacity for protein growth and in the relationship between energy intake and protein deposition. 
Introduction
The partition of energy between fat and protein in growing pigs given diets that are not limiting in protein is determined largely by the relationship between energy intake and protein deposition (ARC, 1981; CampbeU and Dunkin, 1983a,b; Dunkin et al., 1986) . Whittemore and Fawcett (1976) proposed that the relationship between energy intake and protein deposition comprised an initial ascending linear component and a plateau representing the animal's maximal rate of protein deposition; this linear/plateau relationship has been establ The authors gratefully acknowledge T. Hope at the Commercial Pig Company for providing some of the animals used in the experiment and the partial financial support of this research by the Australian Pig Council.
Received April 28, 1987 . Accepted October 1, 1987 lished more recently for pigs growing from 50 to 100 kg (Schneider et at., 1982; Campbell et al., 1985; Dunkin et al., 1986) Because knowledge of the relationship between energy intake and protein deposition is critical for determining the growing pig's response to change in feeding level and its requirement for dietary protein and amino acids, this experiment was conducted to define the form of the relationship in two strains of intact boars and in castrated male pigs growing from 45 to 90 kg. 
Materials and Methods

Animals and
Source of Animals.
The strain A boars used in the experiment were delivered by caesarian section from 10 fifty-parity and sixth-parity sows obtained from a 6,000-sow commercial unit where pigs have been intensively selected on the basis of growth performance under ad libitum feeding for more than 10 yr. Strain B boars were from our institute's 60-sow experimental unit and were representative of animals selected on the basis of growth rate to 12 to 14 wk of age. The castrated males used in the experiment also were from the institute's herd and were selected at weaning, The diet given pigs weighing 45 to 90 kg (diet 2, Table 1 ) was formulated to contain 3.6
Mcal DE/kg and 3.0 g lysine/Mcal DE. This lysine:energy ratio was chosen to be approximately 15% above that required to support maximal protein accretion in boars of the same genotype as strain B pigs used in the present experiment (Campbell et al., 1985) . The diet was provided at six restricted levels of intake and also was offered ad libitum.
The six restricted feeding scales employed between 45 and 90 kg were based on live weight in ascending order and were designed to provide average DE intakes between 45 and 90 kg of 5. 4, 6.0, 6.6, 7.2, 7.8, and 8.4 Mcal/d, respectively. Pigs on the restricted feeding treatments were given their daffy feed allowance in two equal meals at 0800 and 1600. The feed intake of pigs offered the diet ad libitum was measured and recorded daily.
The DE content of the diet given pigs between 45 and 90 kg (diet 2, Table 1 ) was determined in a metabolism trial involving six boars averaging 56 + 2.6 kg. The crude protein content of the same diet was determined by Kjeldahl analysis, and lysine was calculated from the analysis of individual dietary ingredb ents (Table 1) .
Housing and Management. All pigs were housed in individual pens in a heated shed , 6.4; ealciferol, 8.3; 22; menadione, 600; riboflavin, 3.3; nicotinic acid, 16.5; pantothenic acid, 5.5; pyridoxine, 1.1; biotin, 56; choline, 110; cyanoeobalamin, .017 ; Fe, 88 ; Zn, 55 ; Mn, 22 ; Cu, 6.6; I, .22; Se, .1. bCalculated for diet A, determined for diet B.
CCaleulated from analyses of major ingredients. maintained at 21 ~ C for the first 5 wk of the experiment and at 17 ~ to 18 ~ C thereafter. The pigs were weighed weekly and the following week's daily feed allowance calculated for each pig was adjusted accordingly. As each pig reached its predetermined slaughter weight (45 or 90 kg), it was fasted overnight and kiUed the following morning. Immediately after slaughter the contents of the gastrointestinal tract were removed and discarded. The empty gut and all internal organs were weighed and stored at -20 ~ C.
The eviscerated carcass was chilled overnight and divided longitudinally the following morning. The right side of each carcass was then split at the level of the last rib, and fat thickness was measured over the exposed longissimus muscle at the P2 position (6.5 cm from midline). The depth (A) and width (B) of exposed muscle were also measured. The ri~ght side of each carcass was then stored at -20 C for subsequent chemical analysis.
The frozen carcass material was prepared for chemical analysis using the procedures described by Campbell et al. (1985) . The empty gut and internal organs were prepared and analyzed separately from the eviscerated carcass. The dry matter content of the empty gut and eviscerated carcass was determined by freeze-drying duplicate samples to constant weight. Protein was determined on freeze-dried samples by Kjeldahl analysis, and lipids was determined by extracting freeze-dried samples in chloroform and methanol (2:1 by volume) and drying the extract to constant weight. Ash was determined by burning freeze-dried samples in a muffle furnace at 600 C.
Energy deposited in the empty body was calculated from the chemical composition of pigs killed at both 45 and 90 kg using the factors 5.63 Mcal/kg for protein and 9.36 Mcal/kg for lipid (Jordan and Brown, 1970) .
Statistical Analysis. Treatment effects were assessed by analysis of variance. Stepwise regression analysis also was used to relate various performance characteristics and protein deposition and energy retention to energy intake between 45 and 90 kg live weight.
Results and Discussion
Pig Performance and Body Composition.
Strain A boars weighing 20 to 45 kg live weight had a higher live weight gain and lower feed to gain ratio and contained more water and less fat in the empty body than strain B boars, which in turn exhibited more rapid live weight gain and contained more water and less fat in the empty body than castrated males (Table 2) . Neither the protein nor the ash content of the empty body differed significantly between the three pig types.
Pig Performance (45 to 90 kg).
There was a significant interaction between the effects of pig type and level of energy intake for both feed intake and live weight gain (Table 3) . At aU levels of energy intake strain A boars grew faster than strain B boars, which in turn grew faster than castrated males when energy intake was restricted. However, when offered feed ad libitum, castrated males consumed more feed (P < .05) than either of the two strains of boars and exhibited a live weight gain similar to that of strain B boars ( For all three pig types, daily live weight gain increased with each increase in energy intake. For strain A boars, however, the response was linear up to ad libitum energy intake (9.7 Mcal DE/d), whereas for strain B boars and castrated males the response was quadratic and the difference in daily gain between strain A and strain B boars increased from 10% to 13% at levels of energy intake up to 7.9 Mcal DE/d to 26% to 30% at the higher levels of energy intake (Table  3) .
The feed to gain ratio was not significantly affected by energy intake, but it differed significantly between the three pig types. The response of feed to gain ratio to increasing energy intake also differed between strain A boars and the other two pig types. For strain A boars, the feed to gain ratio declined with increased energy intake up to 6.7 Mcal DE/d, and was largely unaffected by further increases in energy intake. For strain B boars and castrates the feed to gain ratio deteriorated with increases in energy intake above 7.9 Mcal DE/d (Table 3) .
Body Composition at 90 kg Live Weight.
There was a significant interaction between pig type and level of energy intake for body protein content but not for the other components of the empty body (Table 4) . Body protein showed a general decline with increased energy intake, and on the restricted feeding treatments strain A and strain B boars exhibited similar, but higher, levels of body protein than castrates. However, when feed was offered ad libitum, the body protein content of strain B, but not strain A, boars declined significantly (Table 4) .
Body fat content increased (P < .01) with increased energy intake and was lowest for strain A boars, followed by strain B boars and by castrates. However, the response of body fat to increasing energy intake also differed between strain A boars and the other two pig types. For strain A boars, body fat increased with increased energy intake up to 8.4 Meal DE/d, but remained relatively constant at 250 g/kg thereafter. For strain B boars and castrates, body fat increased with each increase in energy intake, and the difference between strains A and B boars increased from 25% at levels of energy intake up to 7.9 Mcal DE/d to 46% at the higher levels of energy intake. The effects of energy intake and pig type on body water were similar, but inverse, to those for body fat (Table 4 ). The ash content of the empty body decreased with increased energy intake and was higher for strain A boars than for strain B boars and was lowest for castrates (Table 4) .
Protein and Fat Deposition, There was a significant interaction between pig type and level of energy intake for protein deposition but not for fat deposition (Table 5) . Strain A boars deposited protein faster than strain B boars, which in turn exhibited more rapid protein deposition than castrates. For strain A boars, however, protein deposition increased linearly (P < .001) with increased energy intake up to ad libitum (9.7 Mcal DE/d), .whereas for strain B boars, protein deposition increased linearly with increased energy intake up to 7.9 Meal DE/d but remained constant at 120 g/d thereafter ( Figure  1 ). The response in castrates was similar to that for strain B boars, except that protein deposition reached a maximum value of only 85 g/d and was depressed when the diet was offered ad libitum (Table 5 ; Figure 1 
Composition of the Fat-Free Empty Body.
There was no significant interaction between the effects of pig type and level of energy intake for any component of the fat-free empty body. The main effects are given in Table 6 .
The weight of the fat-free body (FFB) declined with increased energy intake and was highest for strain A boars followed by strain B boars and then by castrates. The composition of the FFB was not significantly affected by energy intake and did not differ between strain B boars and castrates. Strain A boars, however, contained less protein and more water in the FFB than either of the other two pig types (Table 6) 
Discussion
This experiment was conducted to provide information on the extent to which the growing pig s capacity for protein deposition might be affected by genotype and by castration.
The results showed that both factors affected, albeit somewhat differently, the relationship between energy intake and protein deposition and, as a consequence, growth performance and body composition. For strain B boars, and for castrates, the relationship between energy intake and protein deposition was of the linear/plateau form. This model was proposed by Whittemore and Fawcett (1976) has been demonstrated experimentally for pigs above 50 kg live weight by Schneider et al. (1982) , Campbell et al. (1985) and Dunkin et al. (1986) .
For strain A boars, an intrinsic limit to protein deposition was not evident. Protein deposition increased linearly with increased energy intake up to ad libitum (Table 5 ). This response is more typical of younger pigs (Burlacu et al., 1973; Close et al., 1979; Campbell and Dunkin, 1983a,b) , which have a high potential for protein growth relative to appetite. The results suggest that the intense selection of these animals under ad libitum feeding had raised their genetic ceiling for protein deposition beyond the upper limit of appetite. The difference in maximal protein deposition and in the relationship between energy intake and protein deposition was directly responsible for the concomitant differences between strains in growth performance and body fat content at the higher levels of feeding and for the increase in the magnitude of these differences with each increase in energy intake above 7.9 Mcal DE/d. However, whereas strain A boars were representative of animals selected for growth performance under ad libitum feeding, they also exhibited more rapid protein deposition than their strain B counterparts, even at lower levels of feeding (from 5.3 to 7.2 Mcal DE/d). Although these differences in slope were of a lower magnitude than for maximal protein deposition, protein deposition per unit of energy intake was 20% higher for strain A boars than for strain B boars. These results indicate a degree of interdependence between the two components of the linear/plateau relationship between energy intake and protein deposition.
In a comparison of control and selected lines of Large White pigs, Ellis et al. (1983) also found that, although selection was based on growth performance under ad libitum feeding, pigs from the select line exhibited faster protein deposition and growth rate than those from the control line when feed was offered either ad libitum or in restricted amounts. Similarly, in a comparison of fat and lean strains of broiler chickens selected under ad libitum feeding. Leclercq and Saadoun (1982) reported higher rates of protein deposition in the lean strain at levels of energy intake ranging from .5 x ad libitum to ad tibitum. The present results suggest, however, that the between-strain differences in body fat content were an indirect effect of the concomitant differences in protein deposition and thus in the amount of energy available for lipogenesis, rather than a direct effect of genotype on lipid synthesis, as suggested by Leclercq and Saadoun (1982) .
The present results also indicate an effect of genotype or of genetic improvement in protein deposition on the growing pig's energy requirement for maintenance. Estimated from the regression equations relating TER to energy intake, the energy requirement for maintenance (TER --0) of strain A boars was 28% higher than that for strain B boars.
This difference in maintenance energy costs would have accentuated, particularly at the lower levels of feeding, the differences between strains in body composition, but it should reduce those differences associated with live weight gain that otherwise would be associated with the concomitant differences in protein deposition between the two strains. These effects were evident in that at levels of energy intake up to 7.2 Mcal DE/d the differences in body fat content between the two strains ranged from 29% to 39% (Table 4 ). The associated differences in daily live weight gain ranged from only 8% to 18% (Table 3 ) The fact that strain A boars contained approximately 1.6 kg less fat at 45 kg live weight (Table 2) than their strain B counterparts also would have increased the relative difference in body fat content between the two strains at 90 kg (Table 4) .
The higher maintenance energy requirement indicated by the present results for strain A boars probably was associated with a considerably higher lean body mass and a higher protein turnover rate than either strain B boars or castrates. Similar differences have been reported between bulls and steers (Webster et al., 1977) and between boars and female pigs (Campbell et al., 1985) .
The results also indicated an effect of genotype on the composition of FFB in that strain A boars contained less protein and more water in the FFB than either of the other two types of pigs. It is unlikely that these differences were merely the result of the comparisons having been made at different FFB weights because similar differences in FFB weight existed between strain B boars and castrates and between the various energy treatments. Neither of these factors, however, significantly influenced the composition of the FFB (Table 6) .
Strain A boars contained more ash in the empty body at 90 kg than either of the other two types of pigs, and this difference was confirmed by the results of dissection studies in which strain A boars were found to contain 13% more bone than their strain B counterparts (Campbell and Taverner, unpublished data) . There also was a tendency for strain A boars to have heavier viscera and organ weights and a lighter carcass at the same live weight (Campbell and Taverner, unpublished data) , which, combined with the differences in composition of the empty body and FFB, suggests that they were physiologically less mature at 90 kg than the other two types of pigs. This may be an inevitable consequence of increasing the growing pig's capacity for protein deposition and thus growth performance.
Although the relationship between energy intake and protein deposition in castrated males was qualitatively the same as that for strain B boars, castration reduced the ceiling for protein deposition by 30% (from 128 to 85 g/d) and the slope of the linear portion of the relationship by a similar amount. This further supports the view that the two components of the linear/plateau relationship between energy intake and protein deposition are interrelated, but indicates that castration may have a relatively larger affect on the slope of the linear component than does genotype. The differences between strain B boars and their castrated counterparts also suggests that the endocrine system plays a major role in expression of the growing pig's potential for protein growth. The results of experiments on the response of pigs to exogenous growth hormone administration also indicate that the endocrine system, and endogenous growth hormone secretion in particular, is the major factor limiting protein deposition in pigs from 20 to at least 100 kg live weight (Campbell et al., 1987; Etherton et al., 1987) .
In the present experiment, pig performance and body composition also were affected by genotype and by sex in the period 20 to 45 kg live weight ( Table 2 ), indicating that both factors exert their respective effects on energy and protein metabolism relatively early in the pig's postnatal development. At the level of energy intake given to pigs between 20 and 45 kg (5.6 Meal DE/d), it is unlikely that any of the three types had reached their genetic ceiling for protein deposition and that the differences in growth performance and body composition were associated with concomitant differences in either the position or slope of the linear portion of the relationship between energy intake and protein deposition.
The results of this experiment provide further information on the relationship between energy intake and protein deposition in pigs from 45 to 90 kg. They demonstrate how the relationship is modified by genotype and sex and illustrate those aspects of protein and energy metabolism that must be altered to improve growth performance and(or) carcass leanness.
Genetic improvement in the rate and efficiency of live weight gain appears to be associated with increase in both the ceiling for protein deposition and, to a lesser extent, the slope of the ascending linear component of the relationship between energy intake and protein deposition. The relative change in the two components, however, is likely to be affected by the nutritional conditions imposed during selection. For instance, the selection of pigs under conditions of restricted energy intake may result in a relatively greater increase in the slope of the linear portion of the relationship between energy intake and protein deposition than in the ceiling for protein growth.
The difference in capacity for protein deposition demonstrated between the two strains and between the two sexes used in the experiment also suggests that both factors need to be considered in the design of diets and feeding systems for growing pigs. Because of their high capacity for protein deposition, the most appropriate feeding strategy for the strain A boars used in this experiment would promote maximum energy intake. On the other hand, for both strain B boars and castrates the most efficient strategy would involve a degree of energy restriction. Pigs of superior genotype also might be expected to require more dietary protein and amino acids to support their higher rates of protein deposition than those with a lower capacity for protein growth. Such differences have been demonstrated between boars and castrated male pigs (Williams et al., 1984) , and we are currently investigating the effect of genotype on the growing pig's response to dietary protein.
